Introduction to the PEA3 subfamily of transcription factors
===========================================================

The E26 transformation-specific (*ETS*) genes encode a large family of transcription factors \[[@B1]\]. All ETS transcription factors have a DNA binding domain referred to as an ETS domain. These factors regulate transcription by binding to 10 bp elements in the promoters of target genes, known as ETS-binding sites (EBS, 5\'-GGAA/T-3\'). One EBS can be shared by different ETS factors. The location of the ETS domain and overall sequence homology classify ETS factors into several subfamilies \[[@B1],[@B2]\]. More than 20 family members have been identified in mammals and are divided into subfamilies including ETS, ERG, ELG, TEL, and PEA3. ETS factors have been linked to diverse physiological and pathological processes, but no clear unifying theme has emerged.

The PEA3 subfamily is composed of three members: *Etv1*/*ER81*, *Etv4*/*PEA3*/*E1AF*, and *Etv5*/*Erm* (will be referred to as *Etv1*, *Etv4*, and *Etv5* in this review) \[[@B3]\]. They share the highly conserved ETS domain and two transactivation domains. Each gene is located on a different chromosome \[[@B4]\], but all three genes share a common gene structure comprising 14 equivalently sized exons \[[@B5],[@B6]\]. This suggests a close conservation among members of the PEA3 subfamily. Etv1, Etv4, and Etv5 induce activation of target genes via a consensus EBS on promoters \[[@B7]\]. Some of the known target genes of PEA3 transcription factors are follicle stimulating hormone receptor (FSH-R), cyclooxygenase-2 (COX-2), stromelysin, osteopontin, matrilysin, and urokinase plasminogen activator \[[@B7]-[@B12]\].

For more than a decade, studies have shown that members of the PEA3 subfamily are implicated in cell proliferation, differentiation, and tumorigenesis \[[@B1],[@B3],[@B13],[@B14]\]. While these genes are expressed in various tissues, it is notable that more than one member always appears in a given scene of action. In the nervous system, *Etv4* and *Etv1* are differentially expressed in subsets of motor neurons and muscle sensory neurons. During organogenesis, PEA3 factors are differentially expressed in the mesenchyme and epithelium of the developing lung, salivary gland, gut, olfactory, and optic organs \[[@B15]\]. *Etv5* and *Etv4* are primarily expressed in the developing epithelium, and *Etv1* is mostly confined to the surrounding mesenchyme \[[@B15]\]. Differential expression patterns suggest that they participate in epithelial-mesenchymal interactions, but the specific roles in organogenesis are not clear yet.

Roles for PEA3 transcription factors in reproduction
====================================================

Each member of the PEA3 subfamily has been genetically inactivated in mice \[[@B16]-[@B18]\]. *Etv1*^-/-^ mice are born without overt anatomical defects, but develop limb ataxia due to defective neural connections in subsets of the sensory and motor neurons \[[@B16]\]. The story of *Etv5* in fundamental issues of development and reproduction began inadvertently when *Etv4*^-/-^ mice and *Etv5*^-/-^ mice exhibited certain deficits in male fertility narrated below.

1. The beginning: male sexual dysfunction in *Etv4*^-/-^ mice
-------------------------------------------------------------

When the *Etv4*^-/-^ mouse was first generated, researchers were hoping to observe phenotypes in organogenesis or in mammary oncogenesis \[[@B15]\]. But *Etv4*^-/-^ mice were born at the expected Mendelian ratio and did not exhibit any noticeable anomaly \[[@B17]\]. The mice had one obvious problem: male infertility. *Etv4*^-/-^ female mice reproduced normally, but mutant male mice could not sire any offspring. One of the major sites of *Etv4* mRNA expression is the epididymis \[[@B19]\]. Thus, male reproductive organs of wildtype and *Etv4*^-/-^ male mice were compared. Surprisingly, *Etv4*^-/-^ male mice did not show any cellular defects in the reproductive organs. All stages of the germ cells as well as the supporting cells were observed \[[@B17]\]. *Etv4*^-/-^ male mice could exhibit erections but they did not mate even with gonadotropin-stimulated female mice. Interestingly, while their sperms successfully fertilized eggs *in vitro*, *Etv4*^-/-^ male mice did not copulate \[[@B17]\]. This result suggested that the male sexual dysfunction in *Etv4*^-/-^ mice is attributed to defective sexual behavior rather than germ cell defects. There still remain many questions in regard to the mechanism of male sexual dysfunction in the absence of Etv4.

2. The development: sertoli-cell-only syndrome and anovulation in *Etv5*^-/-^ mice
----------------------------------------------------------------------------------

Like *Etv4*^-/-^ mice, *Etv5*^-/-^ mice showed the unexpected phenotype of male infertility \[[@B18]\]. *Etv5*^-/-^ male mice initially carry a pool of spermatogonial stem cells (SSCs), but the pool does not seem to be reloaded after the first waves of spermatogenesis \[[@B18]\]. The loss of SSCs begins as early as 4 days after birth and continues until almost all of the stem cells disappear \[[@B20]\]. The loss of SSCs is largely due to defective self-renewal of SSCs, but apoptotic cell death also contributes \[[@B20]\]. However, *Etv5* is dispensable for spermatogenesis, as normal sperms are produced from *Etv5*^-/-^ mice as long as SSCs are available \[[@B18]\]. The problem with *Etv5*^-/-^ male mice does not end here: they do not show interest in female mice nor are their sperms fertilization-competent. Natural breeding, artificial insemination, and *in vitro* fertilization were all unsuccessful in making female mice become pregnant by *Etv5*^-/-^ mice \[[@B20]\]. These observations suggested that *Etv5*^-/-^ male mice have more fundamental defects, possibly both in germ cell quality and sexual behavior.

*Etv5*^-/-^ female mice are also infertile \[[@B21]\]. In the mouse ovary, *Etv4* and *Etv5* are always expressed together. They are both expressed in granulosa cells in immature and in adult ovaries \[[@B12]\], and also in germ cells in the immature mouse ovary \[[@B21]\]. At around 2 weeks of age, *Etv5*^-/-^ ovaries show defects in tissue architecture, which is partly attributed to abnormal germ cell-somatic cell interactions and the reduced expression of tight junction protein Claudin-5 \[[@B21]\]. This is reminiscent of the phenotype observed in *Etv5*^-/-^ testes, in which a defect in the blood-testis barrier is noted along with reduced expression of Claudin-5 \[[@B22]\].

*Etv5*^-/-^ female mice show a complete ovulation failure. No vaginal plugs form after mating with stud male mice. Stimulation with gonadotropins is insufficient to encourage mating. However, one treatment can reverse all of this. When an injection of 17beta-estradiol (E~2~) is administered along with gonadotropins, *Etv5*^-/-^ female mice ovulate, become plugged, and have fertilized embryos in their oviducts \[[@B21]\]. But only about a third progress up to the blastocyst stage \[[@B21]\]. Thus, oocytes developed in the absence of *Etv5* cannot competently support full development of embryos. Partial rescue of fertility defects in *Etv5*^-/-^ female mice by E~2~ suggests possible endocrine defects, but no clear answer has been given.

The infertility phenotype in *Etv5*^-/-^ female mice is potentially biphasic: an early defect with oocyte competence and an endocrine defect manifested at the adult stage. Since both *Etv4*^-/-^ male and *Etv5*^-/-^ male mice show no interest in female mice, it is plausible that certain endocrine or behavior defects may be involved in these male mutants. So far, no endocrine deficit has been reported \[[@B17],[@B18]\]. Taken together, a biphasic function of Etv5 is demonstrated at least in female mice: one function in relation to endowing the competence of germ cells during the prepubertal period, and the other in promoting sexual responsiveness in adults.

As stated above, both sperms and oocytes undoubtedly have reduced developmental competence in *Etv5*^-/-^ mice \[[@B20],[@B21]\]. The phenotype seems to be more severe in *Etv5*^-/-^ male mice, which show complete failure of fertilization \[[@B20]\]. Does Etv5 play an expanded role in male germ cells? A series of recent papers seems to indicate so.

3. The turn: Etv5 and the self-renewal of SSCs
----------------------------------------------

Etv5 was initially identified in Sertoli cells, and naturally its function in Sertoli cells was first investigated. Microarray analyses using primary Sertoli cells from wildtype and *Etv5*^-/-^ mice showed that an array of chemokines are not produced from *Etv5*^-/-^ Sertoli cells \[[@B18]\]. One of the identified chemokines, Chemokine (C-C motif) ligand 9 (CCL9), attracts progenitor spermatogonia to Sertoli cells \[[@B23]\]. Another study showed that Etv5 is also expressed in male germ cells during the early neonatal period \[[@B24]\]. Transplantation of 5-day-old SSCs to W/W^v^ recipient testes (*c-kit* mutant mice) fails to establish normal spermatogenesis, suggesting that Etv5 also plays a cell-autonomous function in germ cells as well as in Sertoli cells \[[@B24]\].

Glial cell-drived neurotrophic factor (GDNF) and fibroblast growth factor 2 (FGF2) are required for the self-renewal of SSCs *in vitro* \[[@B25],[@B26]\], and Sertoli cells produce these factors. GDNF acts upon a tyrosine kinase receptor RET expressed in SSCs. GDNF-RET signaling is critical for the self-renewal of SSCs \[[@B27]\]. Independent studies have recently shown that Etv5 is a major downstream factor of both GDNF and FGF2 in male germ cells \[[@B28],[@B29]\]. In SSCs, GDNF-induced Etv5 turns on expression of several known genes important for self-renewal of SSCs, including B-cell CLL/lymphoma 6 (Bcl6b) and LIM homeobox protein 1 (Lhx1) \[[@B28]\]. Furthermore, one of the highly enriched microRNAs in SSCs, the miR-21, is regulated by Etv5 \[[@B30]\]. These data provide strong evidence that multiple stimuli for the self-renewal of SSCs commonly utilize Etv5 as a regulator of the pathway. Thus a dual function of Etv5 in the mouse testis is established: one in regulating chemokine production in Sertoli cells and the other in maintaining the population of SSCs.

4. The conclusion: functional redundancy and sexual dimorphism
--------------------------------------------------------------

In several tissues and organs in mice, *Etv4* and *Etv5* exhibit overlapping expression patterns \[[@B31]\]. In the mouse kidney, GDNF is a critical morphogen driving renal branching morphogenesis. Etv5 again acts downstream of GDNF during budding of the ureteric buds \[[@B32]\], as in SSCs. However, a redundancy of gene function by *Etv4* is noted in the kidney. A single targeting of either *Etv4* or *Etv5* is not sufficient to cause severe kidney defects, but *Etv4*^-/-^/*Etv5*^-/-^ double knockout mice do not develop kidneys \[[@B32]\]. Whether Etv4 and Etv5 play any redundant functions in the testes is not clear, but considering the somewhat restricted reproductive phenotypes in *Etv4*^-/-^ mice, Etv5 seems to be a chief PEA3 transcription factor with unique functions in this domain. *Etv4* is also expressed in SSCs of the mouse testis (unpublished observation, Eo and Lim), but it does not seem to play a critical function in SSC self-renewal because *Etv4*^-/-^ male mice do produce sperms \[[@B17]\].

Overall, the sexual dimorphism of *Etv5* deficiency is evident. In the ovary, *Etv5* and *Etv4* always exhibit a similar expression pattern \[[@B12], [@B21]\]. Thus, partial failure of preimplantation embryo development in *Etv5*^-/-^ mice may be due to a compensatory mechanism endowed by *Etv4*. This hypothesis is yet to be proven with compound knockout mice. In *Etv5*^-/-^ male mice, the phenotype is close to complete failure of fertility, a much stronger phenotype than in *Etv5*^-/-^ female mice. This might be partially explained by the facts that the self-renewal of SSCs is heavily dependent upon GDNF and that Etv5 is directly downstream from it. While the relationship between GDNF and Etv5 has not been directly investigated in the ovary, GDNF is known to be one of the intraovarian factors, and is shown to enhance oocyte maturation and embryonic development \[[@B33]\]. Thus, it is possible that some phenotypes observed in *Etv5*^-/-^ female mice as stated above are what the deficiency of GDNF might partially manifest.

Conclusion
==========

Etv5 is induced by GDNF or other secretory factors depending on the cell type. During the ureteric bud morphogenesis in the kidney, the GDNF-RET signaling pathway turns on multiple cytoplasmic kinases, and they contribute to the induction of Etv4 and Etv5 \[[@B31]\]. Sertoli cells also produce GDNF and other factors, which act upon the receptors on SSCs. Etv5 in SSCs is turned on and induces other genes critical for self-renewal of SSCs. Thus, GDNF is a paracrine activator of Etv5 in both cases. In Sertoli cells, Etv5 also contributes to the production of chemokines that are utilized for the chemoattraction of germ cells, and this exemplifies a cell-autonomous function of Etv5. The molecular pathway governed by Etv5 in the testes is diagrammed in [Figure 1](#F1){ref-type="fig"}.

Questions still remain with respect to the role of Etv5 in the ovaries. Is Etv5 also needed for the maintenance of the ovarian germ cell reserves? Does it take part in the endocrine axis that drives ovulation and sexual responsiveness in female mice? Along with this, compromised developmental competence of germ cells in both *Etv5*^-/-^ female and male mice suggests an interesting possibility regarding the nature of Etv5. It might be a potential \"stem-ness\" factor that is needed for the maintenance of developmental potency. Further studies are needed to tackle these challenging issues.
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![Dual molecular pathway governed by Etv5 in the testes. Sertoli cells produce GDNF and other factors that act upon receptors on SSCs. Etv5 in SSCs is turned on and induces genes such as Lh×1 and Bcl6b that are critical for self-renewal of SSCs. In Sertoli cells, Etv5 also contributes to the production of CCL9, which is utilized for the chemoattraction of germ cells, and this exemplifies a cell-autonomous function of Etv5. GDNF, glial cell-derived neurotrophic factor; SSCs, spermatogonial stem cells; CCL9, chemokine (C-C motif) ligand 9; CCR1, C-C chemokine receptor type 1; Lh×1, LIM homeobox protein 1; Bcl6b, B-cell CLL/lymphoma 6.](cerm-39-41-g001){#F1}
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